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E-mail address: bsglick@uchicago.edu (B.S. Glick).The Golgi apparatus is known to modify and sort newly synthesized secretory proteins. However,
fundamental mysteries remain about the structure, operation, and dynamics of this organelle.
Important insights have emerged from studying the Golgi in yeasts. For example, yeasts have pro-
vided direct evidence for Golgi cisternal maturation, a mechanism that is likely to be broadly con-
served. Here, we highlight features of the yeast Golgi as well as challenges that lie ahead.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Eukaryotic cells contain an ‘‘endomembrane system” that in-
cludes organelles of the secretory and endocytic pathways. In the
secretory pathway, newly synthesized secretory cargo proteins
are exported from the endoplasmic reticulum (ER) to the Golgi
apparatus, which consists of disk-shaped membranes called cister-
nae [1]. In most cells, these cisternae are present in ordered stacks.
Newly synthesized proteins arrive at the cis face of the stack, pass
through medial cisternae, and then arrive at the trans face of the
stack. During this time, glycoproteins are processed by an ordered
sequence of resident Golgi enzymes. These enzymes show a polar-
ized distribution in which early-acting enzymes are concentrated
in cis cisternae while late-acting enzymes are concentrated in trans
cisternae [2]. Finally, the fully processed proteins are sorted into
transport carriers at the trans-Golgi network (TGN).
Although this general picture is well established, important is-
sues remain unresolved. A central question is how proteins tra-
verse the Golgi stack [3]. We will focus on the cisternal
maturation concept, which can explain a variety of observations
[4,5]. Morphological studies suggest that cisternae form at the cis
face of the Golgi, progress through the stack to the trans face,
and ultimately dissipate [6]. The implication is that cisternae arechemical Societies. Published by E
nsitional ER; TGN, trans-Golgitransient compartments that act as forward carriers for newly syn-
thesized proteins. This model can explain how the Golgi transports
large cargoes that remain within the cisternae, such as scales in al-
gae [7] and procollagen bundles in mammalian ﬁbroblasts [8]. In-
deed, detailed studies provided strong evidence that procollagen-
containing cisternae progress from the cis to the trans side of the
stack [8,9]. Because trans cisternae have a different resident pro-
tein composition than cis cisternae, the implication is that cis cis-
ternae mature into trans cisternae. However, this idea has not
been directly tested in mammalian cells because the Golgi cister-
nae are too closely associated with one another to be resolved by
current live-cell microscopy techniques.
Another key question is the role of vesicles in the secretory
pathway. Export from the ER is thought to be mediated by COPII-
coated transport vesicles [10,11], which form at specialized ER do-
mains known as transitional ER (tER) sites or ER exit sites [1,12].
Some researchers have visualized individual COPII vesicles in
mammalian and plant cells [13,14], but others have argued that
vesicle formation may not be the primary role of COPII [15,16]. A
second class of carriers called COPI vesicles is thought to mediate
retrograde trafﬁc within the Golgi stack and from the Golgi to
the ER [17]. COPI vesicles have been proposed to recycle resident
Golgi enzymes, thereby keeping these enzymes in the organelle
during cisternal maturation [18], but the content and directionality
of COPI vesicles are still controversial [3].
Finally, there has been a lively debate about whether the Golgi
is an independent organelle or a dynamic outgrowth of the ER
[19,20]. Mammalian Golgi stacks can evidently form de novo underlsevier B.V. All rights reserved.
Fig. 2. Tomographic reconstruction of a tER–Golgi unit in P. pastoris. This ﬁgure was
taken with permission from Ref. [28]. (A) In this cross-section view, the ER
membrane is orange while the cis, medial, trans, and TGN cisternae are green,
purple, blue, and red, respectively. Yellow circles are presumptive COPII vesicles at
the tER–Golgi interface, and white dots are ribosomes. The cisternae are attached to
each other and to the tER site, and the ribosome-free tER site is continuous with the
ribosome-excluding Golgi matrix. (B) Same view as in panel A, except that the
border of the ribosome exclusion zone is outlined. Scale bar, 100 nm.
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ﬂux from the ER is the major determinant of the formation and
reorganization of the Golgi [22], while an alternative view is that
the Golgi exhibits considerable autonomy [23].
Yeasts are an attractive system for tackling these issues because
the yeast secretory pathway is relatively simple and can be studied
using genetics, biochemistry, and microscopy. Basic molecular as-
pects of the secretory pathway are conserved between yeasts and
mammals [24]. Two budding yeasts have been studied in detail
(Fig. 1). Saccharomyces cerevisiae has been used to deﬁne many of
the components and mechanisms of the secretory pathway. The
Golgi in this organism has an unusual structure, consisting of indi-
vidual cisternae that are scattered throughout the cytoplasm [25–
27]. More recently, Pichia pastoris has attracted attention because it
is closely related to S. cerevisiae and yet contains ordered Golgi
stacks similar to those seen in higher eukaryotes [28,29]. As de-
scribed below, these two yeasts have complementary advantages
for exploring the biogenesis and operation of the Golgi.
2. Yeast Golgi organization
In S. cerevisiae, secretory cargo proteins exit the ER from many
small tER sites [29,30], and then undergo a series of processing
steps analogous to those that occur in the mammalian Golgi [24].
Golgi compartments can be visualized by immunoﬂuorescence as
scattered spots [25,29], and by electron microscopy as individual
disk-shaped or fenestrated cisternae that only occasionally associ-
ate with one another [27,31]. Resident enzymes that act at differ-
ent steps in cargo processing are found in distinct cisternae. A
typical cell contains on the order of 20 cisternae, which can be
characterized as cis, medial, trans or TGN based on their resident
protein content [32]. Certain mutant strains accumulate Golgi
structures that show a stack-like organization [24], but these struc-
tures are probably exaggerated TGN compartments rather than or-
dered stacks of biochemically distinct cisternae [29].
In P. pastoris, Golgi stacks are readily seen by electron micros-
copy [29]. A typical cell contains 2–5 stacks of about 4 cisternae
each. These stacks are biochemically polarized, with homologues
of S. cerevisiae early and late Golgi markers concentrated near the
cis and trans faces, respectively [28]. Golgi stacks in P. pastoris
are tightly associated with long-lived tER sites located on the nu-
clear envelope or cortical ER [28,29,33] (Fig. 2). Video ﬂuorescence
microscopy revealed that Golgi stacks and the associated tER sites
arise de novo throughout the P. pastoris cell cycle [33].
Why is the secretory pathway organized differently in S. cerevi-
siae and P. pastoris? Presumably, P. pastoris has retained Golgi
stacking from a common ancestor while S. cerevisiae has not, but
the reason for this divergence is unknown. Interestingly, we re-
cently found that when ER export is slowed in S. cerevisiae, tERFig. 1. Diagram of tER and Golgi organization in two budding yeasts. In P. pastoris,
ordered Golgi stacks are located next to stable tER sites. A typical P. pastoris cell
contains 2–5 tER–Golgi units. In S. cerevisiae, the tER sites are smaller and more
numerous, and individual Golgi cisternae are scattered throughout the cytoplasm.sites and cis-Golgi cisternae show a close association that resem-
bles the association seen in P. pastoris (S. Levi, manuscript in prep-
aration). It therefore seems likely that the mechanisms of
membrane trafﬁc and compartmental organization are actually
quite similar in the two yeasts. This interpretation implies that cis-
ternal stacking is dispensable for the major pathways of Golgi
membrane trafﬁc.
Studies of the Golgi in budding yeasts are highlighting con-
served structural features. For example, the P. pastoris Golgi shows
the following similarities to mammalian and plant Golgi organ-
elles: (i) P. pastoris Golgi stacks are surrounded by a ‘‘matrix” that
seems to glue the cisternae together [28] (Fig. 2). A similar Golgi
matrix has been described in mammalian and plant cells [13,23].
(ii) Cisternae at the trans face of P. pastoris Golgi stacks apparently
escape from the Golgi matrix and peel off from the stacks, consis-
tent with a maturation mechanism [28]. The same phenomenon
has been documented in other cell types [6]. (iii) Golgi cisternae
in P. pastoris are fenestrated and have tubular extensions [28].
The same is true for mammalian Golgi cisternae [34,35]. In P. pas-
toris, fenestrations seem to arise at the rims of cis/medial cisternae
[28], and in mammalian cells, fenestrations are often found near
the cisternal rims [35].
Budding yeasts lack certain non-conserved features that com-
plicate analysis of the Golgi in other cell types. Most notably, the
Golgi stacks in P. pastoris remain physically separate, whereas
mammalian Golgi membranes undergo microtubule-dependent
centripetal movement followed by assembly into a linked Golgi
ribbon [35]. In molecular terms, budding yeasts have homologues
of key Golgi structural and trafﬁcking proteins, but the relevant
protein families typically have fewer members in budding yeasts
than in mammalian cells [36,37]. Thus, budding yeasts contain
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properties seen in other eukaryotes.
The ﬁssion yeast Schizosaccharomyces pombe is evolutionarily
distant from budding yeasts and therefore provides a complemen-
tary experimental system [38]. S. pombe has multiple Golgi organ-
elles, which bear some resemblance to higher plant Golgi stacks
with regard to motility and the lack of a clearly visible tER–Golgi
association [39,40]. Although Golgi cisternae in S. pombe form
stacks, the stacking seems to be relatively weak because isolated
early and late cisternae can be detected by ﬂuorescence micros-
copy [39,41].3. Yeast tER sites
tER sites were ﬁrst identiﬁed morphologically as vesiculating
ER regions devoid of bound ribosomes [1], and were later shown
to be sites of COPII concentration [12,42]. A typical mammalian
cell has several hundred tER sites [43]. In many protists, Golgi
stacks are juxtaposed to tER sites [7]. This same type of organiza-
tion is seen in P. pastoris, where electron tomography revealed
that each tER site is linked to a Golgi stack by a continuous ribo-
some-excluding matrix [28] (Fig. 2). P. pastoris tER sites can be
visualized by ﬂuorescence microscopy as 2–5 discrete spots that
are located within the ER and next to Golgi organelles [29,33].
In S. cerevisiae and S. pombe, tER sites have not been seen by elec-
tron microscopy, but are visible by ﬂuorescence microscopy as
many small spots distributed throughout the ER [29,41]. We orig-
inally proposed that S. cerevisiae lacked conventional tER sites and
that individual COPII vesicles could form throughout the entire ER
[29], but a more likely interpretation is that S. cerevisiae has tER
sites that are smaller and more numerous than those in most
other eukaryotes (Fig. 1).
Budding yeasts have been used to characterize tER dynamics.
Video microscopy of P. pastoris revealed that tER sites are long-
lived structures that form de novo, fuse upon collision, and under-
go growth and shrinkage to maintain a steady-state size [33]. Sim-
ilar behavior has been seen for mammalian tER sites [44]. These
data suggest that tER sites are self-organizing membrane domains
that are maintained by a balance between growth and shrinkage
[33]. The relatively small size of tER sites in S. cerevisiae might re-
ﬂect kinetic parameters different from those in P. pastoris. In sup-
port of this idea, some of the tER sites in S. cerevisiae become
larger when ER export is inhibited [30] (S. Levi, unpublished
observations).
Little is known about how tER sites are established or how COPII
vesicle formation is restricted to these sites. This issue was ad-
dressed by identifying a P. pastoris mutant in which the tER sites
are smaller and more numerous [45]. The mutation lies in Sec16
[45], a large peripheral ER membrane protein of unknown function
that interacts with multiple COPII components [46]. Sec16 homo-
logues were also found to be important for tER organization in Dro-
sophila melanogaster and mammalian cells [47–49]. One possible
function of Sec16 is to serve as a scaffold for localizing COPII com-
ponents [45,48,49]. In addition, our recent work indicates that
Sec16 affects tER dynamics by regulating the rate of ER export
(Y. Liu, unpublished observations). These ﬁndings are beginning
to reveal molecular mechanisms for the biogenesis and mainte-
nance of tER sites.
As described above, tER sites are associated with cis-Golgi cis-
ternae in many organisms, including S. cerevisiae. This observation
ﬁts with the idea that COPII vesicles fuse homotypically to nucleate
the formation of new cis-Golgi cisternae [4,31,50]. In turn, cis-Golgi
cisternae might stabilize the associated tER sites. An exciting chal-
lenge will be to identify the components that link tER sites to the
cis-Golgi.Golgi stacking may be inﬂuenced by the tER–Golgi relationship.
The scattered Golgi in S. cerevisiae correlates with an unusually
fragmented tER [29] (Fig. 1). Intriguingly, when tER organization
was perturbed in P. pastoris by mutating Sec16, Golgi stacking
was also disrupted [45]. It seems likely that Golgi stacking in yeasts
requires two conditions: stable tER sites that repeatedly generate
new cisternae, and tethers that attach these cisternae to one
another and to the tER sites.
4. Maturation of the yeast Golgi
Features of the P. pastoris Golgi can be interpreted in light of the
cisternal maturation model. In particular, the close association of
Golgi stacks with tER sites suggests that new Golgi cisternae are
constantly being generated near tER sites [19], and the apparent
peeling off of cisternae from the trans face of the stack may reﬂect
the terminal maturation of Golgi cisternae into transport carriers
[28,33]. Similar interpretations have long been favored by mor-
phologists studying other cell types [6,7].
The non-stacked Golgi in S. cerevisiae offers a unique opportu-
nity for a direct test of the cisternal maturation model. Unlike Golgi
cisternae in most other eukaryotes, the Golgi cisternae in S. cerevi-
siae are individually resolvable by ﬂuorescence microscopy [51].
Therefore, if resident proteins of the early and late Golgi are
marked with different ﬂuorescent tags, the early cisternae should
be observed to change color as they mature into late cisternae
(Fig. 3a). This prediction was conﬁrmed by two research groups
using both peripheral and transmembrane Golgi markers [52,53]
(Fig. 3b). The apparent lifetime of a Golgi cisterna was similar to
the time required for secretory cargo proteins to traverse the Golgi,
consistent with the idea that cisternal maturation is the primary
mode of anterograde Golgi membrane trafﬁc in S. cerevisiae [52].
These results complement studies indicating that mammalian Gol-
gi cisternae act as forward carriers for secretory cargo proteins
such as procollagen [8,9]. The combined data suggest that cisternal
maturation is a conserved mechanism for Golgi function.
Despite these successes, the cisternal maturation model is prob-
ably oversimpliﬁed and certainly requires further testing. For
example, an analysis of secretory cargo exit from the mammalian
Golgi argued against a simple ‘‘conveyor belt” model of maturing
cisternae [54]. Exit from the Golgi followed exponential kinetics,
possibly indicating that secretory cargoes pass through a long-lived
post-Golgi compartment such as the TGN or recycling endosomes
[5,54]. This prediction should be testable using video ﬂuorescence
microscopy of Golgi and post-Golgi compartments in S. cerevisiae.5. COPII function in yeast
COPII components were ﬁrst identiﬁed in S. cerevisiae as pro-
teins that are essential for ER-to-Golgi transport [24]. In vitro incu-
bation of microsomes with yeast COPII produces coated vesicles
that selectively package secretory cargo proteins [55]. However,
COPII coated vesicles have not been visualized by electron micros-
copy of S. cerevisiae cells, and their presence in mammalian and
plant cells has been controversial [13–16]. These ﬁndings have
led to the suggestion that the main role of COPII in ER export
may not actually be to form coated vesicles, but rather to create
functionally specialized domains on the ER membrane [15,16].
By contrast, data from P. pastoris suggest that COPII does form
coated vesicles in vivo. Electron tomography revealed multiple
coated buds emerging from tER sites, as well as coated or partially
coated vesicles that accumulated between tER sites and cis-Golgi
cisternae [28] (Fig. 2). These images presumably represent differ-
ent stages in the biogenesis of COPII vesicles. It seems likely that
COPII vesicles in P. pastoris form at tER sites and then remain
Fig. 3. Visualizing Golgi cisternal maturation in S. cerevisiae. This ﬁgure was adapted with permission from Ref. [52]. (a) Predicted dynamics of a maturing cisterna. Green
represents a resident early Golgi protein, and red represents a resident late Golgi protein. The cisterna marked with the arrow matures by the recycling of resident Golgi
proteins from older to younger cisternae. On the right is a schematic diagram of this process. On the left is a representation of how a maturing cisterna should be visualized as
a ﬂuorescent spot that changes color from green to yellow to red. (b) Experimental conﬁrmation of the predicted behavior. Early Golgi cisternae were labeled with GFP-Vrg4,
and late Golgi cisternae were labeled with Sec7-DsRed. Displayed are time points from a 4D movie of a single cell. In the panels at the bottom, the cisterna marked with the
arrowhead is shown in isolation as it matures. Scale bar, 2 lm.
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cisternae. However, such observations do not rule out additional
functions for COPII, particularly in cell types that must export large
secretory cargoes from the ER.
Studies of S. cerevisiae have revealed diversity in the pathways
for COPII-dependent export. For example, most secretory cargo
proteins are recognized by direct or indirect interactions with the
Sec24 subunit of the COPII coat [11], but the plasma membrane
ATPase Pma1 is recognized by the Sec24 homologue Lst1 [56].
The principle that different Sec24 family members recognize dis-
tinct cargo proteins has been generalized to other organisms
[57]. In a process that is less well understood, yeast proteins with
a glycosylphosphatidylinositol (GPI) anchor show different
requirements for ER export than other secretory cargo proteins
and may actually be exported from distinct tER sites [30]. The com-
bined results indicate that yeast COPII employs sophisticated
mechanisms to package the wide range of secretory cargo proteins
that leave the ER.6. COPI function in yeast
COPI was ﬁrst characterized as a protein complex that generates
coated vesicles from mammalian Golgi cisternae, and was pro-
posed to mediate forward trafﬁc through the Golgi stack [58]. S.
cerevisiae homologues of the COPI subunits were identiﬁed as
being important for secretion, but were later shown to function
in retrograde Golgi-to-ER transport [59,60]. These and other data
have been interpreted to mean that COPI vesicles mediate two pro-
cesses: the recycling of Golgi proteins from older to younger cister-
nae during cisternal maturation, and the recycling of components
from the Golgi to the ER [51]. Candidates for these two classes of
retrograde COPI vesicles have been visualized by tomographic
analysis of plant and algal cells [13].
In S. cerevisiae, COPI components are found on Golgi cisternae,
but COPI vesicle formation has not been visualized. In P. pastoris,
coated buds are occasionally seen on Golgi cisternae, and putative
COPI vesicles are found between tER sites and cis-Golgi cisternae
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Thus, P. pastoris tER sites may be bidirectional portals that mediate
COPII-dependent ER-to-Golgi trafﬁc as well as COPI-dependent
Golgi-to-ER recycling.
The functions of COPI in intra-Golgi trafﬁc are not yet clear,
partly due to conﬂicting data about the content and directionality
of COPI vesicles [3]. S. cerevisiae should be suitable for resolving
some of these discrepancies. Analysis of yeast COPI mutants sup-
ported a model in which COPI affects anterograde trafﬁc indirectly,
perhaps by recycling components that are needed to export secre-
tory cargoes from the ER [59]. A role for COPI in cisternal matura-
tion is still tentative. In a temperature-sensitive COPI mutant
strain, cisternal maturation was slowed but not arrested at the
non-permissive temperature [53]. This result could mean that COPI
contributes to cisternal maturation but is not essential for this pro-
cess. Alternatively, the existing mutant alleles of COPI might not
completely block function at the non-permissive temperature. A
resolution of this issue would be facilitated by improved methods
for inactivating yeast proteins [61].
As with COPII, the COPI coat may help to deﬁne membrane do-
mains in addition to generating coated vesicles [62]. Hints of such a
function come from studies of the ARF GTPase that recruits COPI to
the Golgi. When ARF levels are depleted in S. cerevisiae, the cells
contain a few large Golgi cisternae instead of many smaller cister-
nae [63]. Similar effects are seen in mutants defective in recruiting
ARF to the early Golgi [64]. The enlarged Golgi cisternae probably
result from a reduction in membrane-associated COPI, perhaps
indicating that COPI normally constrains the size of Golgi cisternae
by inhibiting homotypic fusion. This idea is speculative, but it illus-
trates the potential value of studying COPI function in yeast.7. Proliferation and inheritance of the yeast Golgi
Unlike the mammalian Golgi, which breaks down extensively
during mitosis [23], the yeast Golgi remains intact and functional
throughout the cell cycle [27,65]. This phenomenon is especially
clear in P. pastoris, where the number and structure of Golgi stacks
is unchanged in mitotic cells [29]. P. pastoris Golgi stacks form de
novo in association with newly forming tER sites [33], suggesting
that entire tER–Golgi units arise by a process of self-organization.
Golgi membranes in S. cerevisiae are present in the bud from
very early in the cell cycle [27,65], so by examining how small buds
inherit Golgi cisternae, we can learn about principles of Golgi bio-
genesis. Because ER membranes are also present in the bud from
very early in the cell cycle [66], ER export might nucleate the for-
mation of new Golgi cisternae. Support for this hypothesis came
from a demonstration that the presence of early Golgi cisternae
in small buds correlated strongly with the presence of ER mem-
branes in the buds [67]. For late Golgi cisternae, the inheritance
mechanisms are more complex. Late Golgi cisternae are present
in small buds and are often concentrated at sites of polarized
growth [65]. Some of the late Golgi cisternae in the buds presum-
ably arise by the maturation of bud-localized early cisternae [67],
but in addition, the actin cytoskeleton and the class V myosin
Myo2 play a role in transporting late cisternae to the bud and
retaining them there [65,68].
Insight into the role of Myo2 in Golgi inheritance came from the
discovery that the small GTPase Ypt11 links Myo2 to the Ret2 sub-
unit of the COPI coat [69]. Ypt11 seems to have a key role in trans-
porting late Golgi cisternae to the bud [69]. In addition, Ypt11 has
been implicated in the inheritance of the ER and mitochondria [70],
suggesting that the inheritance of different organelles may be coor-
dinately regulated.
These studies have focused on yeast-speciﬁc pathways for Golgi
formation and inheritance, but they may illuminate a general prin-ciple. It is attractive to think that in both mammalian cells and
yeast, Golgi biogenesis is nucleated by membranes exported from
the ER, but also depends on input from existing Golgi compart-
ments [19,67].
8. Suitability of yeasts for studying the Golgi
An important question is whether the Golgi in yeasts might be
fundamentally different from that in other eukaryotes [71]. In par-
ticular, can the results observed for the non-stacked Golgi in S.
cerevisiae be generalized to other organisms? Encouraging data in
this regard come from a study of S. pombe, in which isolated early
Golgi cisternae were observed to mature into late Golgi cisternae
just as in S. cerevisiae [41]. These two yeasts are separated by
approximately a billion years of evolution [38], implying that cis-
ternal maturation is an ancient process.
More generally, our view is that differences between cell types
often turn out to be superﬁcial variations on a common theme. For
example, early suggestions that the Golgi operates differently in al-
gae than in other organisms [1] have not stood the test of time.
Several considerations indicate that results obtained with yeasts
will be of broad signiﬁcance for understanding the Golgi:
 Molecular studies have revealed strong conservation between
the yeast and mammalian secretory pathways [24].
 S. cerevisiae is closely related to P. pastoris, which has ordered
Golgi stacks [28,29]. Secretory pathway function in these two
yeasts is probably very similar. Thus, cisternal stacking may be
an ‘‘optional” property of the Golgi [72].
 As described above, studies of procollagen transport in mamma-
lian cells implied that Golgi cisternae mature. That work pro-
vided the intellectual framework for the yeast studies that
directly visualized cisternal maturation. It would be a surprising
coincidence if the mammalian data inspired the discovery of a
yeast-speciﬁc phenomenon.
None of these arguments is airtight, and some researchers are
more inclined to emphasize the differences between mammalian
cells and yeasts. It is important to keep that perspective in mind
and to be duly cautious when extrapolating results from yeast sys-
tems to other eukaryotes. Nevertheless, we are conﬁdent that
yeasts will continue to be superb model organisms for exploring
conserved properties of the secretory pathway.
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